generated depends upon some physical property -such as mass or refractive index -of the partner from the bulk phase. Since the transducer responds only to changes at its surface, bulk-phase interference can be eliminated. Probes such as fluorescent labels are not required. Of the various biosensor technologies that are suitable for this purpose, surface plasmon resonance (s.p.r.) methods are currently the most advanced [S-71.
S.p.r. methods enable the kinetics of macromolecular binding or disassociation to be measured in real time at a resolution of 1 s or so, in a volume of 100 pI or less, at a sensitivity of less than a few femtomoles of ligand bound/ mm? of surface. The choice of binding pairs is very wide. Irrespective of the value of s.p.r. technology for commercial diagnostics, it is likely to become a technique of considerable value to the research biochemist or molecular biologist.
The Ca2+ pump from sarcoplasmic reticulum (SR) (CaATPase) has been intensively studied over a long period and now represents an archetype for a broad class of ion pumps, which also includes the Na+/K+-ATPase from mammalian cell membranes, the H + -ATPase from yeast, and the K + -ATPase from bacteria. Like most membrane proteins, however, the structure of Ca-ATPase has been difficult to study and the physical basis for the vast amount of biochemical and biophysical data, therefore, remains speculative. Low resolution structures have been obtained from SR membranes both by X-ray diffraction of partially oriented pellets [ 11 and by electron microscopy of two-dimensional arrays [ 2 , 31. These structures reveal a pear-shaped, cytoplasmic head (roughly 65 Ax 45 Ax 45 A ) that is connected to the membrane by a relatively narrow stalk (2. 5 A diameter and 25 A high). Very little protein protrudes from the luminal surface of the SR membrane, indicating not only that Ca-ATPase has a highly asymmetric structure, but also that all molecules protrude from the same side of the SR, as is required for vectorial Ca2+ transport. The shape of the intramembranous domain is uncertain owing, in the case of electron microscopy, to the use of negative stain and, in the case of X-ray diffraction, to cylindrical averaging that results from the lack of crystallinity in pellets. However, scrutiny of the amino acid sequence has led to the prediction of 8-10 transmembrane helices [4] . Several polar residues buried in the middle of four of these helices appear to form the Ca?+-binding sites, according to recent studies of site-directed mutants [ 51. Sites of ATP-binding and phosphorylation have also been identified in the sequence, but there is no real consensus regarding the physical location of these sites.
Recently, small three-dimensional crystals were grown from detergent-solubilized SR 16.71. By purifying Ca-ATPase and then reconstituting it with precise amounts of lipid, we obtained larger, better ordered crystals than those shown in the first reports. With the use of negative stain, the crystals wcre shown to comprise stacks of disc-like layers with CaATPase molecules protruding from both surfaces of each Abbreviation used: SR. sarcoplasmic reticulum. layer ( Fig. 1 ). Because considerable amounts of both lipid and detergent are present, the layers were presumed to be mixed bilayers of lipid and detergent with detergent also forming an annulus at the edges of each layer. As molecules protrude from both surfaces of the crystalline bilayer, the packing density was estimated to be approximately double that of the SR membrane. Contacts between ncighbouring Each Ca-ATPase molecule is depicted as an ellipsoid on a narrow cylinder placed asymmetrically into the planar, hydrophobic layer; this shape was previously deduced from negatively stained, two-dimensional arrays within SR membranes [2, 31. Molecules at the front and on the right margins have been sectioned to reveal the portion crossing the hydrophobic layer, which in reality is much larger than depicted here. Proposed molecular contacts occur along the axis of stacking ( c ) between the tops of Ca-ATPase heads (ellipsoids), and along the axis of ribbons ( h ) between the ends of Ca-ATPase heads. The contact between ribbons (along a ) has not been clearly oberved and is therefore probably within the hydrophobic layer. The unit cell dimensions are those for negatively stained crystals, while dimensions for frozen hydrated crystals are 166.5 Ax55.7 Ax 164 A. From [8] with permission of the Biophysical Journal.
Vol. 18
BIOCHEMICAL SOCIETY TRANSACTIONS comparable with the map in h. Extra density is present in the map from unstained crystals along the twofold axes and since negative stain is not likely to penetrate the bilayer of these crystals, the extra density has been attributed to the intramembranous domain of Ca-ATPase. Based on this interpretation, panel c contains a schematic representation of extramembranous and intramembranous portions of Ca-ATPase. Each pear-shaped structure represents the extramembranous domain of Ca-ATPase as seen in projection perpendicular to the bilayer surface; hash marks distinguish molecules protruding from opposite sides of the bilayer. The groups of circles represent our proposal for the arrangement of the 10 predicted transmembrane ahelices, specifically chosen to account for the density in maps from unstained crystals ( a ) . The shading of these circles is meant to distinguish the intramembranous domains belonging to molecules on opposite sides of the bilayer. From [ 1 I ] with permission of molecules which hold the crystals together were identified in density maps (eg. Fig. 2 d ) and are depicted in the diagram in Fig. 1 . Two major contacts were visible: at the topmost surfaces of the pear-shaped heads from opposing layers (contacts along the c-axis) and at the sides of the heads to form ribbons of molecules within a given layer (contacts along the a-axis). Contacts along the h-axis were not seen in the maps, probably because they are hidden within the bilayer, which tends to exclude negative stain.
To reveal intramembranous portions of the molecule, cryo-electron microscopy was employed. This involves rapid freezing o f a thin film of crystalline solution in liquid ethane followed by electron microscopy in this frozen-hydrated state. If done properly, the freezing is too fast to allow formation of ice crystals and the specimen becomes preserved in a thin layer of vitreous ice [U] . After such freezing, Ca-ATPase crystals provide electron diffraction to almost 4 A resolution and images to 6 A resolution in the projection down the caxis. Such images were subjected to a series of corrections, first for distortions in the crystal lattice, then for phase origins and defocus [ 101. Finally, phases from nine carefully selected images were averaged and then were combined with amplitudes from three electron diffraction patterns to generate a projection map to 6 A resolution [ 1 11.
The projection map of these unstained, frozen-hydrated crystals was compared with that of the negatively stained crystals to identify density arising from intramembranous protein (Fig. 2) . It is clear from this comparison that the intramembranous domain extends out along the h-axis, thereby providing the intermolecular contact in the crystal that was not observed in negative stain. Furthermore, the assignment of this density together with the packing constraints in the crystal suggest a crescent shape for the intramembranous domain. These packing constraints require that the intramembranous domains of all molecules from a given layer lie within the same 40 A-thick bilayer and are related by the two-fold axes which characterize the crystal symmetry. The ten predicted transmembrane helices can be fit into this crescent shape by forming two curved rows of a-helices, shown as circles of 11-12 A diameter superimposed on the projection maps in Fig. 2 . This arrangement is reminiscent of the arrangement of bacteriorhodopsin's set of seven transmembrane helices.
Givcn this arrangment, the transmembrane helices can be roughly related to their position in the amino acid sequence from which they were originally predicted. Helices 1-5 (numbers refer to the amino acid sequence, see 141) are contiguous with segments that link the cytoplasmic head to the membrane. Therefore, these five segments are thought to come together to form the stalk [4] . The polar residues that appear to provide Ca2+-binding are in helices 4, 5, 6 and 8 [S]. If one assumes that these four helices cluster together to form a distinct site, then helices 4 and 5 would be just inside one edge of the intramembranous extension of the stalk, while helices 6 and 8 would be just outside. Thus, the Ca2+-binding sites themselves would be in a crevice in the membrane at the edge of the stalk and overhung by the cytoplasmic head (Fig. 3) . Three proline residues in helices 4 and 6 reside in the cytoplasmic leaflet of the bilayer and could produce bends in these helices that would contribute to the formation of this crevice.
At present, these structural relationships, though plausible, are highly speculative. Therefore, efforts are currently underway to collect three-dimensional data from these crystals to verify both the existence and the arrangement of these transmembrane helices. 
